Background: We wanted to evaluate the impact of nonblinded outcome assessors on estimated treatment effects in time-to-event trials. Methods: Systematic review of randomized clinical trials with both blinded and nonblinded assessors of the same time-to-event outcome. Two authors agreed on inclusion of trials and outcomes. We compared hazard ratios based on nonblinded and blinded assessments. A ratio of hazard ratios (RHR) <1 indicated that nonblinded assessors generated more optimistic effect estimates. We pooled RHRs with inverse variance randomeffects meta-analysis. Results: We included 18 trials. Eleven trials (1969 patients) with subjective outcomes provided hazard ratios, RHR 0.88 (0.69 to 1.12), (I 2 ¼ 44%, P ¼ 0.06), but unconditional pooling
Introduction
Randomized clinical trials with time-to-event outcomes are commonly conducted without blinded outcome assessors. [1] [2] [3] [4] In trials with objective outcomes, for example time-to-death, bias seems unlikely. In trials with subjective outcomes, i.e. involving assessor judgement, 5 it is prudent to suspect observer bias. Observer bias is generated by the conscious or unconscious predispositions of nonblinded observers, for example due to hope or expectations. When the trial outcome is based on the classification of events, as in timeto-event outcomes, the bias is mediated by directional misclassification, i.e. the blinded and nonblinded assessments differ systematically and not only randomly, and will often favour the experimental intervention.
Use of blinded outcome assessors protects against observer bias but will usually increase cost and logistical complexity of a trial with no guarantee that blinding will make an important difference in any single trial. Some commentators find blinded outcome assessment superfluous or wrong. [6] [7] [8] For example, the Pharmaceutical Research and
Manufacturers of America's working group discouraged the standard use of central blinded review of progressionfree survival in cancer trials. 8 Unfortunately, the empirical basis for blinding outcome assessors in subjective time-to-event trials is surprisingly incomplete. Studies of blinding include case histories which may not be representative 4 and indirect comparisons of double-blinded trials with similar trials not reported as 'double-blinded'. 9, 10 Such meta-epidemiological studies have a notable risk of confounding, because trials that are reported as double-blinded may differ from trials that are not for many other reasons, for example sample size, concealment of the allocation sequence, funding source or multi-centre status. This problem is augmented by the limited number of adjustments possible for suspected confounders. Meta-epidemiological studies are also challenging to interpret because double-blinded is an ambiguous term. 1, 11 Finally, meta-epidemiological studies typically address binary outcomes, not time-to-event outcomes. Empirical analyses of observer bias (also called 'detection bias' or 'ascertainment bias') serve as a guide to the design of future trials and to the assessment of risk of bias in conducted trials, for example when a trial is included in a meta-analysis. 5 The most reliable design for studies of observer bias involves trials that use both blinded and nonblinded assessors of the same outcome because the direct comparison minimizes risk of confounding. In two analyses of such studies we found evidence of observer bias in trials with binary outcomes 12 and measurement scale outcomes. 13 In the present systematic review we investigate observer bias in time-to-event trials. Our primary objective was to evaluate the impact of nonblinded outcome assessment on estimated treatment effects in randomized clinical
Key Messages
• Nonblinded outcome assessors are sometimes used in randomized time-to-event trials with subjective outcomes, but the typical degree of observer bias is not known.
• We identified and reviewed time-to-event trials with both blinded and nonblinded outcome assessment, as such trials provide a reliable evaluation of observer bias.
• In 18 trials, of which 11 were included in the main meta-analysis, nonblinded observers tended to favour the experimental intervention, and exaggerated the hazard ratio by approximately 27%.
• Under special circumstances nonblinded observers may favour the control intervention and will tend to underestimate the hazard ratio by a similar extent.
• Generalizability of the findingis hampered by the moderate numbers of trials and outcomes.
time-to-event trials; our secondary objective was to examine reasons for variation in degree of observer bias.
Methods
We included randomized clinical trials with blinded and nonblinded assessment of the same time-to-event outcome. A time-to-event outcome was defined as involving the evaluation of time from randomization to clinical event based on five time points or more.
We excluded trials where it was unclear which group was experimental and which was control as such trials would not allow us to determine the expected direction of any bias (e.g. a trial that compared two treatments in common use without designating one as 'experimental' and the other as 'control'). We also excluded: trials where only a subgroup of patients had been evaluated by blinded and nonblinded assessors, unless the subgroup was selected at random; trials where blinded and nonblinded assessors had access to each other's results; and trials where initially blinded assessors clearly had become unblinded, e.g. when radiographs showed ceramic material indicative of the experimental intervention. Finally, we excluded trials with blinded end-point committees adjudicating the assessments made by nonblinded clinicians, because such adjudication often involves foreknowledge of the nonblinded assessment or is restricted to adjudication of events only.
We searched: PubMed, EMBASE, PsycINFO, CINAHL, the Cochrane Central Register of Controlled Trials, HighWire Press and Google Scholar (Appendix 1, available as Supplementary data at IJE online). The last formal search was performed on 15 September 2013. References of all included trials were read.
One author read all abstracts from standard databases and all text fragments from full-text databases. If a study might be eligible, a full study report was retrieved and read by one author who excluded all clearly ineligible studies. Two authors read all remaining study reports and decided on eligibility. Disagreements were resolved by discussion.
We extracted background data, and outcome data resulting from both the blinded assessment and the nonblinded assessment. If data were incomplete, we e-mailed and/or telephoned the corresponding authors. We also searched the US Food and Drug Administration (FDA) website. For trials with more than two groups, we pooled the results in the experimental or the control groups, when possible. When authors chose to send us individual patient data, we checked whether all randomized patients were included in the dataset and tried to replicate a result of the published paper. Two authors independently derived outcome data. Any discrepancy was solved by discussion.
For each trial, we evaluated four pre-specified factors that could systematically distort the measured differences between blinded and nonblinded assessors: (i) a considerable time difference between the blinded and nonblinded assessments; (ii) different types of assessors (e.g. nurses vs physicians); (iii) different types of procedures (e.g. direct visual assessment of wound vs assessment of photographs of wound); d) a substantial risk of ineffective blinding procedure. These measurement distortion factors were evaluated by two masked authors unaware of the result of the trial, as previously reported. 12, 13 Using the same masking procedure, we also evaluated characteristics of each outcome assessment. Two authors scored independently three factors on a 1-5 scale (1 was low and 5 high): (i) the degree of outcome subjectivity (i.e. the degree of assessor judgment); (ii) the nonblinded outcome assessor's overall involvement in the trial (i.e. a proxy for the degree of personal preference for a result favourable to the experimental intervention); and (iii) the outcome vulnerability to nonblinded patients (e.g. high in outcomes based on interviews with nonblinded patients). Disagreements were resolved by discussion.
Our primary outcome was ratio of hazard ratios (RHRs). We noted, or calculated, the hazard ratio (HR) and its standard error for each trial based on blinded assessors, HR blinded , and based on nonblinded assessors, HR nonblinded . A HR < 1 indicates a beneficial effect of the experimental intervention in trials assessing time to a harmful event, for example progression of multiple sclerosis. If HR or the standard error was not reported explicitly, we approximated a HR and a standard error based on other available information, for example Kaplan-Meier curves 14 (Appendix 3, available as Supplementary data at IJE online). In trials with individual patient data we calculated the HR and the standard error directly based on Cox regression models. In trials assessing time to a harmful event we summarized the impact of nonblinded outcome assessment as the ratio of the hazard ratios, RHR ¼ HR nonblinded / HR blinded . For trials assessing time to beneficial events we reversed the ratio, so that for all trials a RHR < 1 indicated that the nonblinded assessors generate more optimistic effect estimates than the blinded assessment. The standard error (SE) of RHR for our main analyses disregarded the dependence between the blinded and nonblinded assessment (Appendix 3, available as Supplementary data at IJE online). We then meta-analysed the individual RHRs with inverse variance methods using random-effects models. 15 The same approach was used for meta-analysing ratio of medians ratio (Appendix 3, available as Supplementary data at IJE online). All hazard results rested on log-scale analysis. The statistical software used was Stata 11 and SAS 9.2.
We pooled all trials, and explored whether the effect differed in subgroups of trials divided by: type of data; clinical conditions; consensus status of the nonblinded assessors; the objective of a trial; source of funding; and the risk of measurement distortion. We also used standard errors of the ratio of hazard ratios that incorporated the dependency between blinded and nonblinded assessments in trials with individual patient data (Appendix 3, available as Supplementary data at IJE online). For the other trials we used as a correction factor the median reduction of SE in the trials with individual patient data, [(SE ignoring dependence À SE incorporating dependence) / SE ignoring dependence]. Finally, we also assumed equal weights for each trial.
We had planned to explore whether the variation in the ratio of hazard ratios was associated with the three prespecified outcome characteristics described above; however, the scores for the outcome characteristics varied too little for a meaningful analysis (Appendix 4, available as Supplementary data at IJE online).
Results
We examined 555 publications based on 3149 hits in standard databases and 3541 hits in full-text databases. We excluded 537 studies, mostly because they were not randomized clinical trials or lacked blinded or nonblinded outcome assessment (Appendix 2, available as Supplementary data at IJE online). Thus, 18 trials were included [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] ) ( Table 1) . We had access to both blinded and nonblinded outcome data in 12 trials (2250 patients) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] of which three provided individual patient data; [16] [17] [18] eleven trials (1969 patients) provided data for estimation of the ratio of hazard ratios, and also 11 trials (2222 patients) for the ratio of medians ratio. The outcomes were subjective (Table 2) ; on a scale from 1 to 5 (where 5 indicates high subjectivity) all 12 trials with outcome data scored 4-5. In addition, we had access to qualitative or incomplete data on the blinded and nonblinded outcome assessments in four additional trials.
28-33
Main outcome: ratio of hazard ratios
In 7 of 11 trials (64%) the hazard ratio was more favourable to the experimental intervention when based on the nonblinded outcome assessors ( Figure 1 ). The ratio of the hazard ratios spanned from 0.25 to 1.56 ( Figure 2 ). The pooled ratio of hazard ratios for all eleven trials [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] was 0.88 (0.69 to 1.12), (
The unconditional pooling of all trials was not meaningful, however, due to qualitative heterogeneity driven by four of the seven cytomegalovirus retinitis trials (I 2 ¼ 63%, Figure 2 ). Seven standard trials included three cytomegalovirus retinitis trials, [20] [21] [22] three trials of tibial fractures [17] [18] [19] and one trial of multiple sclerosis. 16 All compared experimental interventions with standard control interventions, such as placebo, no-treatment, usual care or active control. The pooled ratio of hazard ratios was 0.73 (0.57 to 0.93), (I 2 ¼ 24%, P ¼ 0.25), indicating that nonblinded hazard ratios were exaggerated by 27%, on average ( Figure 3 ). Four trials were atypical as they compared an oral experimental administration of a drug with the intravenous control administration of the same drug for cytomegalovirus retinitis. [22] [23] [24] [25] The pooled ratio of hazard ratios in these trials was 1.33 (0.98 to 1.82), with no heterogeneity (I 2 ¼ 0%, P ¼ 0.89), indicating that, on average, nonblinded outcome assessors favoured the control intervention and underestimated the hazard ratio by 33% (-2% to 82%) ( Figure 3 ).
Supplementary outcome: ratio of medians ratio
The same pattern of result was found when we analysed ratio of medians ratios (Appendix 3, available as Supplementary data at IJE online). The single trial with an outcome that was moderately subjective had incompletely reported outcomes and was not included in our meta-analyses. Figure 1 . Estimated treatment effect in randomized trials with time-to-event outcomes according to type of outcome assessor: blind or nonblind. HR: hazard ratio.
Qualitative summary of trials with incomplete or inconsistent data
Six trials (872 patients) were included in our review but not in our meta-analyses because of incomplete or inconsistent data. Two trials provided no data. 32, 33 Three trials provided some indication of observer bias in the expected direction. 28 One trial indicated possible observer bias in the reversed direction. 31 Dumville 2009 31 compared larvae vs standard treatment for leg ulcers in 267 patients. Assuming time to censoring was identical for the blinded and nonblinded assessments, the ratio of hazard ratios was 1.10, indicating an underestimation of the hazard ratio by 10%.
Subgroup and sensitivity analyses
If the direction of bias was inverted in the four atypical cytomegalovirus retinitis trials, the ratio of hazard ratios was 0.75 (0.64 to 0.89) ( all four possible measurement distortion factors, but they did not seem to be associated with the ratio of hazard ratio (Table 3) .
Reasons for variation in observer bias
Informal inspection of the score values of the three outcome characteristics revealed no specific pattern (Appendix 4, available as Supplementary data at IJE online). Reversed direction of observer bias was a likely cause of observer bias variation among the cytomegalovirus retinitis trials.
Discussion
Failure to blind outcome assessors in 11 randomized time-to-event trials exaggerated hazard ratios by an average of 12% (-12% to 31%) but unconditional pooling of the trials was not meaningful due to qualitative heterogeneity. In seven standard trials involving cytomegalovirus retinitis, tibia fracture or multiple sclerosis, nonblinded outcome assessors favoured the experimental intervention, exaggerating the hazard ratio by an average of 27% (7% to 43%). In four atypical cytomegalovirus retinitis trials the direction of bias reverted to favour the control treatment by a comparable average degree of bias. The strength of our study is the low risk of confounding in the direct comparison of the blinded and nonblinded assessors of the same outcome in the same trial involving the same patients. Three trials provided individual patient data with follow-up assessments after event occurrence, securing high data quality and enabling incorporation of the dependence between blinded and nonblinded assessments in our estimate of the ratio of hazard ratios.
A possible study limitation is heterogeneity. The difference in results between the two groups of cytomegalovirus retinitis trials was striking, with ratio of hazard ratios 0. size but in opposite directions. This seems to be a rare example of a meta-analysis with a qualitative difference in the direction of an effect between two subgroups. 34 The meta-analysis of all trials had an I 2 of 44%, which does not normally disqualify meta-analysis, but the qualitative difference in the direction of bias among the cytomegalovirus trials and their corresponding I 2 of 63% precludes a meaningful pooling. Furthermore, the quantification of heterogeneity was underpowered as we had no access to a correlation factor appropriate for all trials. We previously noted 13 the likely reversed direction of observer bias in one cytomegalovirus trial; 26 however, we stress that the formal distinction between standard and atypical trials was not predefined for the present study. The cytomegalovirus retinitis trials were from the 1990s when studies involving HIV patients were conducted in a highly politicized environment. The HIV epidemic, the initial lack of effective treatment and the subsequent testing of possibly effective drugs provoked a heated debate between gay activist organizations, religious zealots, physicians and researchers, drug producers and drug regulation agencies. 35 We find it credible that the clinicians in these trials preferred an established intravenous treatment, and expected that the experimental oral administration of the same drug, though more practical, might not be as beneficial. Thus, the heterogeneity can be explained by a simple design factor common to the atypical trials and coherent with likely bias mechanisms. The cytomegalovirus retinitis trials provide an illustrative case of how the clinical and wider public contexts of otherwise comparable scientific investigations shape the predispositions of its investigators and thereby the direction and degree of observer bias. Searching for trials with both blinded and nonblinded assessors is challenging, and unidentified trials may exist. Still, publication bias is normally driven by the treatment effect, 36 so missed trials may, on average, have limited yet e the standard error in the three trials with data on the dependence between blind and nonblind assessments (paired patient-level data) was reduced by a median of 40% when dependence was incorporated and this reduction was used as a correction factor in the seven trials without such data; f exploration of factors that potentially could distort the assessment of the difference between blind and nonblind trial result.
unpredictable impact on our analyses of two types of assessment.
The number of trials in our review is moderate, and the number of clinical conditions low, so extrapolation to trials in general may be problematic. Still, the risk of observer bias probably has less to do with the specific clinical conditions than with trial settings. We included no trials with objective outcomes, for example time-to-death, so our results apply to trials with subjective outcomes. The included cytomegalovirus trials may reflect a worst-case situation, and pooling them with other trials is a matter of discussion. Future updates of our review may clarify whether the degree of observer bias in the cytomegalovirus trials (either favouring the experimental or the control intervention) is uncharacteristically large. Furthermore, extrapolation of our results to trials with subjective time-to-event outcomes in general assumes that trials with both blinded and nonblinded outcome assessors are comparable to trials with only nonblinded assessors.
Previous studies of observer bias in randomized clinical trials have found that nonblinded assessors, on average, exaggerated odds ratios by 36% 12 and standardized mean differences by 67%. 13 In combination, the three studies included 51 trials and 24 clinical conditions, and provide strong evidence of a marked risk of observer bias in randomized trials with nonblinded outcome assessor of subjective outcomes. Savović et al. pooled results from seven meta-epidemiological studies and found a 23% exaggeration of odds ratios in trials with subjective outcomes that were not double-blinded. 10 Their important study does not distinguish performance bias from observer bias, but their result is nonetheless compatible with ours.
In time-to-event trials the categorization of an event is often not based on a distinct dichotomization, as for example between life and death, but is juxtaposed upon a continuously developing biological process, for example the healing of a bone. The degree of subjectivity in assessing such events may thus be considerable, and will generate variation between different observations but not necessarily bias. Observer predisposition in the context of a subjective outcome is required to generate bias, which may thus vary unpredictably from observer to observer and from trial to trial. It is difficult to predict the direction or the size of any bias in an individual trial. We would thus not recommend that our pooled average is used as a form of correction factor. When ascertaining the possible bias in a trial with nonblinded assessors we would recommend consideration of the range of possible observer bias, and not only our pooled average, as well as the subjectivity of the outcome involved and possible cues for observer predispositions.
At odds with the suggestion of the US Food and Drug Administration, 37 the Pharmaceutical Research and Manufacturers of America's working group recommended against the general use of blindeded independent central review of cancer trials assessing progression-free survival, and suggested instead a sample based audit. 3 The working group included employees from six major pharmaceutical companies with an interest in improving the opportunity for getting drugs approved for marketing by regulatory authorities. The group's recommendation was in part based on a meta-analysis of 27 trials comparing local investigators' combined clinical/radiological assessments of progression-free survival with the central and blinded radiological assessments. The analysis reported an exaggeration of hazard ratios derived from local investigators by an average of only 3% (-2% to 8%). 38 However, this result
should not be crudely interpreted as reflecting the impact of blinding, because in many included trials local investigators were blinded (and not only the assessors conducting the central review), and because the outcomes compared were not identical (clinical event locally and radiographical event centrally). It is almost always possible to implement blinded outcome assessment in randomized trials, and creative solutions have been worked out in challenging cases. 39, 40 Good interobserver agreement does not seem to prevent observer bias, 13 so formal training of nonblinded observers 41 cannot safely replace blinding. Nor is a sample-based audit a good alternative, 3 because sample-based analyses tend to be underpowered. In trials with nonblinded clinicians and central blinded outcome assessment, informative censoring may be a concern, especially if blinded assessments stop once a patient is categorized as having an event by the nonblinded clinician. It is therefore important to continuee blinded follow-up assessments beyond that time point and, if possible, also to have the blinded assessments conducted in real time, impacting directly on the clinical decision process. 42 When deciding whether to implement blinded outcome assessment in a trial, the main dilemma will often be that an intangible reduction of the risk of bias comes with a concrete increase in cost and trial complexity. Empirical methodological studies provide an estimate of the degree, range and direction of observer bias, and feed importantly into the decision whether to blinded or not, as well as informing the interpretation of results from conducted trials.
In conclusion, lack of blinded outcome assessors in randomized trials with subjective time-to-event outcomes causes a high risk of observer bias. Nonblinded outcome assessors in randomized clinical trials with subjective timeto-event outcomes tend to favour the experimental intervention and exaggerate hazard ratios by an average of 27% (7% to 43%); but in special situations, nonblinded outcome assessors favour the control intervention, inducing a comparable degree of observer bias in the reversed direction.
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